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ABSTRACT

The performance of a slot telemetry antenna is analyzed,
including the effects of an inhomogeneous plasma sheath on
aperture admittance, radiation pattern distortion, antenna win-
dow absorption, reflection znd absorption losses of ihe fe:d
network, and total antenna gain. The change in broadside
antenna gain induced by the reentry plasma sheath is compared
with plane wave signal attenuation calculations, Various
antenna matching cond.tions ar evaluated for free-space and

reentry-plasma conditions.
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I, INTRODUCTION

The antenna gain characteristics of a simple S~band telemetry
d antenna system radiating through an inhomogeneous plasma sheath bzave
been analyzed. Aperture admittance, radiation pattern, signal attenu-
ation, matching network, and resulting antenna gain calculations are
presented herein for thick and thin plasma sheath conditions., The
rectangular aperture is assumed to be terminated in an infinite ground
plane and dielectrically filled as shown in Fig. 1. The inhomogeneous
plasma covering the ground plane is approximated by a number of
equivalent slabs.

The equivalent circuit representing the antenna matching network
is shown in Fig. 2. The lossy waveguide section approximates the
antenna window; the ideal transformer and tuning reactance represents
a coax-to-waveguide transition. The probe antenna is assumed to be thin
and loosely coupled to the waveguide cavity. A similar problem was con-
“ sidered by Adams (Ref. 1) for free-space conditions only. The actuxl

circuit parameters required for various tuning conditions may not be
realizable from a practical standpoint; however, the results illustrate the

magnitude of the feeding network effects,
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Figure 1. Slot Geometry
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II. APERTURE ADMITT4ANCE

The aperture admittance was calculated for various plasma conditions
r for the aperture configuration shown in Fig. 1. If the reaction concept
(Ref. 2) and the dominant model approximation are used, the aperture
admittance can be written as

Y_a_.g ff[E (z=0) X H,I.(z—O)]

= 1)
7 (
0 YOVO

where ET(z-O) is the tangential aperture electric field, HT(z 0) is the
tangential aperture maguetic field, Y 0 is the characte&’mnc admittance of
free space, and VO is the dominant mode voltage. For the aperture

orientation shown in Fig. 1, the dominant mode aperture electric field ic

- Ep(2=0) = V,(2/ab)! /% cosfny/bi, (2)

where a is the height of the ap. rture, b is the aperture width, and 3_ is

the unit vector in the x direction. The above integral can be transformed
by Parseval's theorem to a two-dimensional integral in Fourier transform
space. If the transfcrm fields are separated into TLEz and TMZ components,

the resulting aperture«~admittance expression is

[t e, 00

Y

4 2B =

: I

. 0

V%JYO (3)
3 N .2, N .2
3 Y =YTEk +Y'I‘ka
: yx K2 + k2
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where §,§(kx, ky) is the dominant mode aperture electric field Fourier
transform, Y¥E is the input TEz admittance function, and Y?M is the
input 'I’Mz admittance function, The aperture Fourier transform for a
rectangular aperture is

A 1/2 sinu, fsinu sin u
S 0 /ab 1 2 3
g = = (5 < + (4)
T < 8) uy u, ug
where
u, = 0.5 (kxa) (5a)
u2 =0.5 (kyb + ) (5b)
ug = 0.5 (kyb -m) (5¢)

The TE and TM admittance functions for collisional plasma sheaths
were evaluated using a multislab approximation and standard transmissio::
line theory (Ref. 3).

The resulting input admittances to the nth slab are given by

n-1 . .
YI,;,E ) (YTE/YO) cos(k:!,n) + J(kz/ko) sm(k;cn)

Y. n ., n=1 n, . nn, (62)
0 cos(kzl.n) + J(YTM ko/Yokz) sin(k n')
n n-1 n . n, ._pn
Youm  (Ypp/Yo) coslic 4,) + jlkge [k ) sinfk,£,) (6b)
Y, n on=1.n . N
0 cos (kz,tn) + J(YTMkz/YOkoe n) sm(kzl,n)
where k: is defined as
n_ _2p2 1 2,201/2
k, =kgle k_/k xy/ko) (7)

|




H

and € is the complex relative dielectric constant of the nth

slab, zn is
the thickness of the nth slab, and k0 is the free space wavenumber. If
the radiation condition is imposed, the admittances at the outer nlasma

surface are

0 _ .0 .
0 _ 0
YTM/YO = kO/kz (8b)

where kg is

0

0_o.0 .0._ 22 122
k, =B, = 5, = ko (1= k2/kg - K [k

1/2
o

(9)

The TE and TM admittances of the aperture surface were evaluated by
starting at the outer plasma houndary and transforming the load admittances
given in Egs. (8) through the N-plasma slabs using Eqs. (6). A more
detailed description of the analysis and the numerical integration of Eq. (3)
is given in Ref, 3. A summary of self- and mutual-admittance calculations
compared with plasma simulation measurements is given in Ref, 4. The
actual numerical resuts are presented in Section V.,

When the thin sheath approximation is valid, the aperture admittance
can be approximated by (Refs. 3 and 5)

vy =v% +v (10)
ap ‘“ap s

where ng is the aperture admittance in free space, and Ys is the equivalent
plasma surface admittance
Ne(z )z
¥y = §¥gkoplPeak) | N fpeak) -

The electron density is Ne(z), and the relative dielectric constant at the
peak electron density conditions in the sheath is Gp(peak).
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III, ANTENNA GAIN

For purposes of this discussion the antenna gain of a slot antenna

‘ radiating through a plasia sheath is defined as
2m rZYO 2 2
8(9: ¢)=—'p‘—“"{lEe(r)99¢)I + |E¢(1‘,9,¢)' } (12)
inc

where Pinc is the forward or incident power to the artenna~ieed system,
EB is the far field theta component of the electric field, and E¢ is the far
field phi component of the electric field. The spherical coordinates are
denoted by r, 6, and §. It is well known that the far field radiation from

a siot antenna can be related to the Fourier transform of the aperture field.
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In the case of a plasma or dielectric covered antenna, the far field is
related to the Fourier transform of the electric field at the outer plasma

surface. The far field components are obtained ueing saddle~-point

S a5 s
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integration techniques, resulting in
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50k, k)
Eg(r, 8,0) = j £ cosp s’ Sys

N
exp(~jk,r) exp(+jk,cos6), L ) (13a)
rko GTM(kxs'kys) 0 0 7 n

N
«8° . N
: exp(~jk,r) exp(+jk cosezﬂ ) (13b)
Crpt gk o) 0 0 - "n

£k k)

E¢(1‘. 8,0) = =j %;:r-(-)sinﬁ cosd

where Fourier transform functions are evaluated at t
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kxs = kO 8in@ cos® (14a)

kys = ko 8in® sinf (14b)

n _
kzs - k0((':n

- sinze)l/2 (14c)
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The resulting gain expression is

Skgab Y,
g(6,9) = ——n—3—— 'Vaplvincl

Y
c

?p_(6,9) (15)

where the radiation pattern Pe(e, #) is given by

- * : Z
. ) 1T2 sinu,  fsinu,  sinu, c052¢ _ sin2¢c0826 “

and the aperture voltage, incident voltage, and characteristic admittance

of the feed transmission line are denoted by vap’ vinc’ and Yc' respectively.

The functions LIP and u g 2re defined in Eqs. (5) with

k =k, _andk_ =k
X8 y

3

b ys
u, = 0.5 (koa 5in@ cosf) (17a)
u, = 0.5 (kob sin@ sinf + ) (17b)
U, = 0.5 (kob 8in@ sinf - m) (17¢c)

The radiation pattern is normalized to unity at broadside (6 = 0) when the
slot is radiating into free space.

The TE and TM components of the aperture electriz field Fourier
transform gi‘(kx’ky’ z = 0) were transformed to the out¢r plasma surface

by the plasma distortion functions GTE and G'I‘M' respectively.

~10-
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The distortion functions are defined as
r s - N -
Grg = |3rg * 3, 57l = 0)]/ (z 21 zn) (18a)
_ S 1.0 N .
=13 « A = 0¥
Gm = |3rm * 2 51l oj/ aTM ° gT( ; ‘n) (18b)

where TR and a’TM are the TEz and TMz modz unit vectors

B = @k -3k )/ (k2 +k2)H2 (19a)
TE Xy y x x y

— - - 2, .2.1/2
appm " (atxkx + ::1),ky)/(kx + ky) (19b)

The transverse electric field Fourier trar’zsform at the outer plasma surface
is denoted by ET(Z = le l,n). For the multislab approximation the distortion

functions are
N

Gpp® =[] [cos(k‘z‘s £+ 30k /Y kP )sin(k:szn)] (20a)

N
_ n .on~l.n . n
G (® 'ﬂl [ coslk, £.)+i(Yppg K, /Y okoSp) sm(kzszn)] (20b)

The admittance functions are defined in Eqs. (6).

For a freely excited slot antenna (Fig. 2b), the aperture voltage can
be expressed in terms of the aperture admittance, The resulting aperture
gain is given by

2

8kgab Y,
(e. 9) = °

|1+p |2p (8, 9) 21)

“11~
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where the aperture reflection coefficient is

Y -Y
= A& 3P
pa.p Y +Y (22)
24 ap

and the waveguide characteristic admittance is

1/2
Y, = Yo[eg - (ﬂ/kob)z] (23)

When the aperture is excited by a feed network (Fig. 2a) the net
antenna gain, including feed absorption and input refiections, can be

expressed as

8koab Yo

-—| h+od%P_e,9) . (24)

.
where the reflection coefficient at the input terminals of the feed is

gF(eo $) =

o - Y. - Y1 (25)
F YC tY,

In Eq. (25), Yc is the characteristic admittance of the input transmission
line; Yl is the input admittance to the feed, and is determined from a circuit
analysis of the feed. In Eq. (24) Vz/ V1 is the voltage transfer function of
the feed. Subscripts F and ap [Eqs. (21), (22), and (24)] designate the
feed and aperture, respectively.

When the plasma is in contact with the ground plane and the thin sheath
limit is valid, the distortion functions are equal to unity. The resulting
radiation patterns are equal to the free space patterns, and the antenna

gain is reduced by the reflection loss only.
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IV. FEED NETWORK

The hypothetical feed equivalent circuit is shown in Fig., 2a. The
aperture admittance is transformed through the heat shield to the output
terminals of an ideal transformer representing a coax~-to-waveguide
transition by a length of lossy waveguide having the same cross-sectional
dimensions of the aperture. The dielectric constant and cross=-sectional
dimensions of the dielectrically loaded waveguide are selecied in such
a way that only the TEOI mode propagates. The transformer turn ratio
n and series reactance X, are adjusted to obtain the desired antenna
matching,

The admittance at the terminal plane of the transformer looking

toward the aperture is given by

¥ ) (YapiYOI) cos(kmd) +j sin(kmd)
Y01 cos(lf..‘)ld) + J(YaprOI) sm(km&T

(25)

where the complex propagation constant and characteristic admittance of
the TEq, waveguide mode are equzl to

2 1/2
Y01 = YO [eg(l - j tang) - (“/kob)] (26a)
. 2 1/2
Koy =Ko [e,1 =i tans) - (n/icgp] (26b)
The input admittance and aperture voltage were obtained from a
simple network. The results are given by
2
Y, = ——-—111—2-- (27a)
1+jY¥Yn X,

-13-




v?-‘ = T (27b)
1 (1+j¥n"X )G, (ky,d)
GOl(kOld) = cos (kOId) + j(Yap/YOI)sin(kmd) (27¢c)

where GOl(kO ld) is the voltage transfer function that relates the aperture
to the voltage at the transformer end of the waveguide.

The aperture~feed combination was matched by adjusting the turn
ratic and series reactance until the reflections at the input terminals
were reduced to zero. For a specified aperture admittance, the matched

conditions were obtained by setting

nl = Real(Y _/Y) (28a)
X .

s _ , imag(Y)
2 * Reall¥ (28b)

where the characteristic impedance of the input transmission line is
Zc = Y;l. The matching equations were obtained by setting Y, = Yc in
Eq. (273)'

-14-
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E | V. NUMERICAL RESULTS

TR

The antenna admiitance, antenna gain, input voltage standing wave
. ratio (VSWR), and plane wave attenuation computations are presented for

various plasma conditions at S-band frequencies.

The dimensions of the aperture, dielectric properties of the window,

N e e

and length of the waveguide window are given in Table 1.

Table 1. Physical Dimensions of Waveguide Window

Case kpa kyb €, tanb d/)tg Zc, ohm

1 0.45 2.10 4.0 0.01 0.5 50
2 0.45 2.10 4.0 0.04 0.5 50

s pIEEaET |t air o AN
PO e e O o L A BES

The physical dimensions are typical of proposed S~band felemetry antenna
systems. _

The normalized electron density profile used in the calculations is
11

shown in Fig. 3. The peak electron density was varied from 2.5 x 10
to 7.2 X lolzcm-3. The plasma was approximated by eight equivalent slabs
that provided adequate numerical accuracy at S-band frequencies. The
collision frequency was assumed to be constant and equal to 6 X 10°

collisions per second.

A, APERTURE ADMITTANCE
The aperture admittance calculations were obtained by numerically inte-

S T B e, 1 A M W o P
M 4
et ey 2 vy ' g ry

grating Eq. (3). The results are normalized to the free admittance Y, and are
plotted on the Smith chart shown in Fig. 4. Thin sheath results using Eq. {10)
are also plotted in Fig. 4 for various equivzlent surfac;a resistances. Th;a
thin sheath results approximate t\llzi‘n, highly overdense, collision-dominated

plasma sheaths typically encountered at low altitudes on slender conical

-

-15~
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vehicles. The thin sheath results aiso approximate the results obtained if

the antenna aperture is covered with a resistive cloth, commonly called space
cloth, The numbers adjacent to the -ight slab calculations (Fig. 4) denote
peak electron density; the numbers adjacent to the thin sheath results denote
the additive surface resistance. Because of the small size of the aperture,
the open-ended waveguide aperture behaves as an open circuit in free space

and as a short circuit in the plasma.

B. FREE EXCITATION ANTENNA GAIN
The antenna gain can be calculated using Eqs, (21) throngh (23)

when the aperture is waveguide~fed with an isolator absorbing the aperture
reflections, The E-plane (§ = 0°) results are plotted in Fig. 5. The
aperture is loaded with a dielectric having a dielectric constant equal

to 4.0 and tand = 0. The H-plane calculations are shown in Fig. 6. The
angle theta is measured trom the aperture normal or z-axis (Fig. 1).

The numbers adjacent to the curves (Figs. 5 and 6) denote the peak electron
density conditions in units of cm -3. The radiation pattern distortions
induced by the plasma are evident by comparing the free space gain

with the corresponding antenna gain calculations in the presence of the
plasma. However, the most predominant plasma-antenna effect shown

in Figs. 5 and 6 is signal attenuation,

C. FEED CALCULATIONS

The insertion loss ratio of the feed network is defined as

Insertion loss = PZ/PZO (29a)

-18-
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where
P Real(Y_ ) |V
2 = _Er |1+ o |2 (29b)
inc c 1
P ReallY )
2 - T |1+ e, |2 (29¢)
inc g P
The insertion loss <an be reduced to
. 2 2
2
.;:“?;.. = Zg X.Z. Il ¥ pFI > (30)
2o Yo Wil Jree,

The above nomenclature is defined in Fig. 2. This particular definition
of insertion loss is useful since the net antenna, including the feed, is

expressed as

The results of the insertion loss calculations are shown in Fig. 7. The
antenna-feed system was matched to free space conditions., The results
for two loss tangent values are presented. The reflection loss for the
same matching conditions are plotted in Fig. 8. The reflection loss

shown in Fig. 8 is defined as

Reflection loss = 1 = |pF|2 (32)
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The total antenna-feed system degradation caused by the reentry
plasma is best illustrated by comparing irhomogeneous plane wave
attenuation predictions with the change in broadside antenna gain induced

by the plasma. The change in antenna gain is defined as

AGain = g?(e = 0)/g%(6= 0) (33)

where gg(e = 0) is the total antenna gain in the plasma environment and

gF(e = 0) is the free space antenna gain. The turn ratio and series reactance

were selected to match the system to a free space environment. The
relative gain expression given in Eq. (33) was therefore a measure of the
telemetry link degradation caused by the plasma and/or changing the
matching conditions. In Fig. 9 the plane wave attenuation and AGain
calculations are shown as a function of peak electron density. The most
important effect to note is the large difference between the antenna
calculations and the commonly used plane wave calculations. The signal
attenuation associated with the reflection and absorption losses in the
feed are indicated by the difference between the feed results and the free
excitation results.,

The VSWR at the input terminals is

VSWR = (1 +] e ])/(1 - |PFI)

where the reflection coefficient is given in Eq. (25). The results of the

VSWR calculations are shown in Fig. 10, assuming the antennais matched to

free space conditions. The results indicate the absorption effects in
the window as the loss tangent is increased.

Since plane wave analyses are commonly used to predict signal
attenuation in telemetry link margin computations, the difference between

the plane wave attenuation and relative gain calculations shown in Fig. 9

24~
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is plotted in Fig. 11. The plane wave error is defined as
Error = tt*/AGain

where tt* is the plane wave transmission coefficient. These results
indicate that the plane wave predictions can underestimate signal
attenuation by at least 5 to 15 dB. The plane wave analysis does not
properly approximate the absorption and reflection losses of the feed
and surface wave effects irn the plasma.

The thin sheath results. are plotted in Figs. 12 and 13. In these
cases the aperture admittance was calculated using the asymptotic
expression shown in Eqs. (10) and (11). The equivalent surface
susceptance was assumed to be zero and the conductance varied from
0. 001 mho to 0.1 mho., The results are applicable for low=-altitude

turbulent plasma sheaths surrounding slender conical vehicles.

D. ABSORPTION EFFECTS IN THE WAVEGUIDE
ANTENNA WINDOW"

The decrease in antenna gais. caused by increased window
absorption due to temperature effects was obtained by parametrically
varying the loss tangent of the waveguide window from 0. 01 to 0. 16,
keeping the turn ratio and series reactance fixed. The feed network

was matched to free space conditions with a loss tangent of v, 01.

Figure 14 shows the decrease in antenna gain for various plasma
conditions. In addition to increased absorption, the reflection loss
decrz=ases as the window losses increase (Fig. 15). The decrease in
reflection losses from window absorption ultimately limits antenna

matching techniques in a reentry environment.
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E, MATCHING TO A PLASMA ENVIRONMENT

The antenna feed performance under various matching conditions

is shown in Figs. 16 through 17, assuming a loss tangent of 0. 004,

The calculations were performed with the antenna matched to free space
conditions, a waveguide load, and Ne(peak) =5X 1011cm"3. The turn
ratio and series reactance were determined, in matching the coax-to-
waveguide transition to a nonreflecting waveguide load, by substituting
Y=Y

to match the slot antenna to various conditions are tabulated in Table 2.

01 into Eqs. (28). The turn ratio and series reactance required

The input admittance results are plotted in Fig. 16. The resulting
AGain calculations are shown in Fig. 17, and the corresponding VSWR
results are plotted in Fig. 18, When the antenna was matched to
Ne(peak) =9X loucm-3, the antenrlaal. gair; in free space decreased by
5.8 dB, wiile the gain at the 9 X10" "cm

by 5.8 dB. As the waveguide window absorption loss increased, the

electron density increased

gain improvement decreased. The potential gain improvement resuiting

from the match at the 9,0 X lollcm-3 electron density was 10.7 dB for
a waveguide window loss tangent of 0, 01. When the loss tangent was

increased to 0, 04 the potential gain improvement was decreased to 5.8 dB.

Table 2. Matching Conditions

Antenna Matched to tand Turn Ratio XS/Zc Zc’ ohm

Free space 0.01 4,22 -1.54 50
Free space 0. 04 4,29 -0. 729 50
Waveguide load 0.01 2,38 -0.0113 50
Waveguide load 0,04 2,38 -(. 0453 50
9x 10 em™3 0,01  1.07 =i, 72 50
9x 10 em™3 0,04  1.37  =1.59 50
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VI. CONCLUSIONS

Antenna gain calculations, including absorption and reflection
losses of the feed network are useful in estimating plasma-induced
signal attenuation. Plane wave calculations underestiimate ."ignal
attenuation by 3 to 15 dB at S-band frequencies. As the antenra
aperture increases in size, the difference between antenna gain calcu-
lations and nlane wave predictions decreases. When reflection losses
can be neglected in both the plane wave and antenna gain calculations,
the attenuation results of both analyses are the same, provided the
antenna absorption losses are zero.

The antenna gain in a plasma can be improved by matching the
antenna to peak plasma conditions, but at the expense of the free space
gain if preset matching is used. As the losses from window absorption
losses increase, the amount of gain improvement obtainable by
matching decreases. Matchirg the coax-to~waveguide transition to
the characteristic admittance of the waveguide window provides antenna
matching midway between ti.e open-circuit conditions of free space and

short-circuit conditions of reentry.
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